The pubertal initiation of spermatogenesis is reliant on androgens, and during this time, 5␣-reduced androgens such as dihydrotestosterone (DHT) are the predominant androgens in the testis. Two 5␣-reductase (5␣R) isoenzymes (5␣R1 and 5␣R2) have been identified, which catalyze the conversion of testosterone to the more potent androgen DHT. The present study aimed to investigate the developmental pattern of 5␣R isoenzymes and their relationship to the production of 5␣-reduced androgens in the postnatal rat testis. Both 5␣R1 and 5␣R2 isoenzyme mRNAs were measured by real-time polymerase chain reaction, isoenzyme activity levels by specific assays, and testicular androgens by radioimmunoassay after high-performance liquid chromatographic separation. Both 5␣R1 and 5␣R2 mRNAs and activity levels were low in the 10-day-old (prepubertal) testis, peaked between Days 20 and 40 during puberty, and then declined to low levels at 60-160 days of age. The developmental pattern of both 5␣R isoenzyme activity levels was mirrored by the testicular production of 5␣-reduced metabolites. Although 5␣R1 was greater than 5␣R2 at all ages, it is likely, given the substrate preferences of the two, that both isoenzymes contribute to the pubertal peak of 5␣-reduced androgen biosynthesis. The peak in 5␣R isoenzymes and 5␣-reduced metabolite production coincided with the first wave of spermatogenesis in the rat, suggesting a role for 5␣-reduced metabolites in the initiation of spermatogenesis. This was explored by acute administration of a 5␣R inhibitor (L685,273) to immature rats. The L685,273 markedly suppressed testicular 5␣R activity during puberty by 75%-86%. However, a marked increase was observed in testicular testosterone levels (in the absence of changes in LH), and no decrease was observed in the absolute levels of 5␣-reduced metabolites. Therefore, whether the formation of DHT in the presence of low testosterone levels in the pubertal testis is required for the initiation of spermatogenesis cannot be tested using 5␣R inhibitors. We conclude that both 5␣R1 and 5␣R2 isoenzymes are involved in the peak of 5␣-reduced androgen biosynthesis in the testis during the pubertal initiation of spermatogenesis.
INTRODUCTION
The pubertal initiation of sperm production and the maintenance of this process in the adult is reliant on an-drogens [1] . Although testosterone is the major androgen produced by the adult testis, the 5␣-reduced metabolites dihydrotestosterone (DHT) and 5␣-androstane-3␣,17␤-diol (Adiol) predominate in the pubertal testis [2] [3] [4] . Because DHT is a more potent androgen than testosterone and serves to amplify androgen action when testosterone levels are low [5] [6] [7] , it seems likely that increased production of 5␣-reduced metabolites may be important for this androgen-dependent initiation of spermatogenesis and/or other aspects of testicular function during puberty.
The conversion of testosterone to DHT is an irreversible reaction catalyzed by the 5␣-reductase (5␣R) enzyme, of which there are two isoenzymes, 5␣R1 and 5␣R2, encoded by different genes (for review, see [8] ). The two isoenzymes possess different biochemical properties, with 5␣R1 having a micromolar affinity for steroid substrates and peak enzyme activity in cell lysates extending over a broad neutral pH range and 5␣R2 having a nanomolar affinity for steroid substrates and peak enzyme activity in cell lysates at pH 5.0 [9, 10] . The regulatory factors that control 5␣R expression and activity are unclear, but they may include androgens [8, 10, 11] , gonadotropins [11] , and other hormones [12, 13] .
The pubertal peak in testicular 5␣-reduced metabolites seems likely to be caused by an increase in testicular 5␣R activity. Various studies during the 1970s showed that immature testes had higher levels of 5␣R enzyme activity than mature testes [2, 4, 14, 15] . However, these studies were performed before the identification of the second 5␣R isoenzyme (5␣R2); thus, the isoenzyme responsible for the pubertal peak of 5␣-reduced androgen synthesis is unclear. A more recent study investigating 5␣R isoenzyme expression by Northern blot analysis during testicular development in the rat suggested that the immature testis had higher levels of 5␣R1 compared to the adult, with 5␣R2 expression being barely detectable at any age [16] . Although this study concluded that 5␣R1 was the major isoenzyme expressed in the testis at all ages, other studies have suggested that 5␣R2 is, in fact, the predominant isoenzyme present in this tissue [10, 17, 18] . Thus, discrepancy exists in the literature concerning the relative expression and activity levels of the 5␣R isoenzymes in the testis.
The ability of the testis to 5␣-reduce testosterone to DHT has been shown to be important for maintaining or restoring sperm production in adult rats in a setting of low testicular testosterone [19, 20] . Because testosterone levels are lower in the pubertal testis than in the adult [3] , it is reasonable to speculate that formation of DHT may also be important for initiating spermatogenesis during puberty. We recently developed specific assays to measure the activity levels of 5␣R1 and 5␣R2 isoenzymes in the rat testis [21] and showed that 5␣R1 activity in the testis predominates over 5␣R2 in both immature and adult testes. However, we also found clear evidence for the 5␣R2 isoenzyme in the testis.
To address the discrepancies in the literature regarding testicular 5␣R isoenzyme expression as well as to understand the basis for the pubertal peak in testicular 5␣-reduced androgen biosynthesis, the present study aimed to investigate the developmental regulation of both 5␣R1 and 5␣R2 isoenzymes in the rat testis. Real-time polymerase chain reaction (PCR) methods were used to quantitate 5␣R1 and 5␣R2 mRNAs, and specific isoenzyme activity assays [21] were used to study the ontogeny of 5␣R isoenzyme mRNA and protein. Patterns of testicular levels of 5␣R isoenzymes were compared to circulating gonadotropins and the concentration of testicular androgens. These endpoints were examined in prepubertal (10-day-old [d.o.]), pubertal (20-to 40-d.o.), and adult (60-to 160-d.o.) rats. Finally, in an effort to investigate the role of 5␣-reduced androgens during the initiation of spermatogenesis, a 5␣-reductase inhibitor was administered to pubertal rats.
MATERIALS AND METHODS Reagents
4-Androsten-17␤-ol-3-one (testosterone), 5␣-androstan-17␤-ol-3-one (DHT), and 5␣-androstane-3␣,17␤-diol (Adiol) were purchased from Sigma (St Louis, MO [21] . Analytical-grade chloroform, toluene, ethanol, and diethyl ether (Merck, Kilsyth, Victoria, Australia) were used for TLC. The coenzyme, ␤-NADPH, and analytical-grade sodium acetate and isopropanol were obtained from Sigma.
Animals
Male Sprague-Dawley rats (10, 20, 25, 30, 35, 40, 60, 80, 120 , and 160 d.o.; n ϭ 11 per age group) were obtained from the Monash Central Animal House (Clayton, Victoria, Australia) for the analysis of testicular 5␣R isoenzyme and androgen levels. Six animals from each age group were used for the measurement of serum gonadotropins and testicular 5␣R mRNA and enzyme activity. The remaining five animals were used for the determination of testicular androgen concentrations. For the 5␣R-inhibitor experiments, 20-, 30-, and 40-d.o. rats (n ϭ 16 per group) were used. The study was approved by the Monash Medical Centre Animal Ethics Committee.
5␣R-Inhibitor (L685,273) Experiment
Eight rats per age group (20, 30 , and 40 d.o.) received 20 mg/kg twice daily (i.e., 40 mg kg Ϫ1 day Ϫ1 ) of the competitive 5␣R-inhibitor L685,273 (21,21-pentamethylene-4-aza-5␣-pregn-1-ene-3,20-dione; a kind gift from Dr. Gary Rasmusson, Merck Sharpe and Dohme, Rahway, NJ) [10, 20] for 6 days, whereas a further eight rats in each age group received twicedaily injections of vehicle. The L685,273 and vehicle were prepared as described previously [20] . At the end of the 6-day treatment period, animals were administered heparin and anesthetized. One testis was removed, weighed, and then frozen in liquid nitrogen and stored at Ϫ80ЊC for testicular androgen analysis. Blood was then collected by cardiac puncture and the remaining testis fixed in situ by whole-body perfusion with Bouin fixative [20] . Fixed testes and ventral prostates were then removed and weighed. Testes from the 36-day-old (d.o.) group were processed into methacrylate resin [20] , and germ cell numbers, from pachytene spermatocytes through to elongated spermatids, expressed per testis were determined using the optical disector stereological method as detailed elsewhere [22] .
Analysis of 5␣R Isoenzymes and Testicular Androgens Experiment
Animals were killed by CO 2 inhalation, and blood was collected by cardiac puncture and stored at 4ЊC overnight, after which serum was collected. Both testes were quickly removed, trimmed of fat, weighed, snapfrozen in liquid nitrogen, and then stored at Ϫ80ЊC until measurement of testicular androgens, mRNA, or 5␣R activity levels.
5␣R1 and 5␣R2 Isoform Activity Assay
The method for the measurement of 5␣R1 and 5␣R2 activity levels in rat testis, utilizing the different pH optima of each isoform, has been described in detail elsewhere [21] . Briefly, testes were decapsulated, homogenized in 0.25 M sucrose, and centrifuged at 10 000 ϫ g, and then the supernatant was stored at Ϫ80ЊC. Testicular supernatants, assayed in duplicate, were incubated with radioactive ([ 3 H]testosterone, 0.5 Ci) and nonradioactive (9.5 M) testosterone and 0.5 mM ␤-NADPH in assay buffer (0.1 M Tris-citrate) for 60 min at 37ЊC. The pH of the assay buffer was varied depending on the isoenzyme being measured (pH 5.0 for 5␣R2 or 7.0 for 5␣R1). Steroids were then extracted and separated by TLC [21] . The recovery of steroids was monitored by the inclusion of 14 C-labeled steroids (testosterone, DHT, and Adiol) in the assay. Steroids were quantified by dual-isotope liquid scintillation counting to measure both 3 H (conversion of testosterone to 5␣-reduced metabolites) and 14 C radioactivity.
The recoveries of steroids as indicated by the recovery of [ 14 C]steroids were 45.2% Ϯ 5.7% for testosterone, 40.7% Ϯ 4.6% for DHT, and 37.3% Ϯ 5.9% for Adiol (mean Ϯ SD, n ϭ 45). The average background for the 5␣R isoenzyme assay was 0.021 Ϯ 0.008 pg/min (mean Ϯ SD, n ϭ 7). Detection limits were set so that any value below two SD above the average background would be classified as nondetectable; however, all samples measured were above this detection limit. The between-assay variation as estimated by repeated measurements of quality-control (QC) samples was 11.9% (n ϭ 7) for 5␣R1 and 24.2% (n ϭ 7) for 5␣R2.
In each assay a recombinant 5␣R1 enzyme preparation [21] was measured at both pH 5 and pH 7 to give a pH 5:7 ratio. This ratio allows the correction for the fact that the broad peak of 5␣R1 enzyme activity across the neutral range leads to some 5␣R1 activity being detected at pH 5 in the 5␣R2 assay; thus, using the recombinant ratio, the amount of 5␣R1 activity at pH 5 is subtracted, allowing measurement of 5␣R2 activity only [21] . The average pH 5:7 ratio for recombinant 5␣R1 was 0.063 Ϯ 0.009 (mean Ϯ SD, n ϭ 7), with a 14.3% between-assay variation.
The 5␣R activity levels were calculated as the sum of the 5␣-reduced metabolites (DHT ϩ Adiol) formed from [ 3 H]testosterone after corrections for procedural losses. The testicular concentrations of 5␣R1 and 5␣R2 were calculated according to formulae described previously [21] and were expressed as nanograms of 5␣R per minute per gram testis.
Quantitation of 5␣R Isoform mRNA Using Real-Time PCR
Total RNA was isolated using an RNeasy Mini extraction kit (Qiagen, Clifton Hill, Victoria, Australia), and an isopropanol purification procedure was included. Two micrograms of RNA were reverse transcribed using random primers for 5␣R1 and oligo dT primers for 5␣R2 and Expand Reverse Transcriptase (Roche Molecular Biochemicals, Mannheim, Germany). Real-time PCR was then performed using the LightCycler (Roche; for review, see [23] ) using SYBR Green I fluorescence detection of amplified products. The forward primer (5Ј-TCC TGG TCA CCT TTG TCT TGG C-3Ј) and reverse primer (5Ј-GTT TCC CCT GGT TTT CTC AGA TTC-3Ј) for 5␣R1 were designed to produce a 128-base pair (bp) amplicon. The forward primer (5Ј-ACA TCC ACA GTG ACT ACA CCC TGC-3Ј) and reverse primer (5Ј-TCC ATT CAA TAA TCT CGC CCA G-3Ј) for 5␣R2 were designed to produce a 207-bp amplicon. A 20-l PCR reaction was used and included 10.8 l of PCR-grade water, 5 mmol/L of magnesium chloride, specific reverse and forward primers (0.5 mol/L final concentration for 5␣R1 and 0.375 mol/L final concentration for 5␣R2), 2 l of SYBR Green dye, and 2 l of reverse-transcribed cDNAs (diluted 1:10). An initial denaturation step of 10 min was used for both 5␣R1 and 5␣R2. The PCR amplification for 5␣R1 consisted of 38 cycles at 95ЊC for 15 sec (denaturation), 55ЊC for 5 sec (annealing), and 72ЊC for 10 sec (elongation). The PCR amplification for 5␣R2 consisted of 40 cycles at 95ЊC for 15 sec (denaturation), 62ЊC for 5 sec (annealing), and 72ЊC for 10 sec (elongation). The standards used as a reference preparation were highly purified and sequence-verified cDNAs that were identical to the real-time PCR products to ensure equal amplification efficiency between standards and PCR products. Standard curves for 5␣R1 (0.125-2 fg) and 5␣R2 (0.0125-0.2 fg) were performed in 2-fold dilutions, and QC samples were included in each assay. Samples were assayed in duplicate. Following PCR, melting-curve analysis was performed on the amplified product to ensure that only specific PCR amplicons were obtained and quantitated. This was also confirmed by nucleotide sequencing. The mRNA data obtained from the LightCycler was normalized against 28S ribosomal RNA, which was quantitated by electrophoresing equivalent RNA on an agarose gel and the 28S ribosomal RNA fluorescence measured using a CCD camera with Quantity One 5.1 software (Bio-Rad, Hercules, CA). All measurements were done within the linear range under nonsaturating pixel conditions. The electrophoresed RNA was also used to confirm the integrity of all RNAs used in the real-time PCR analysis. Using the QC samples, the between-assay variation was 8.6% (n ϭ 7) for 5␣R1 and 20.9% (n ϭ 10) for 5␣R2. Concentrations of 5␣R1 and 5␣R2 mRNAs were expressed as picograms per gram testis.
Serum Gonadotropins
Serum LH was measured by immunofluorometric assay as previously described [24] , with an assay sensitivity of 12 pg/ml. Samples were assayed at 25 l in duplicate. Serum FSH was measured by RIA as previously described [20] , with an assay sensitivity of 2.5 ng/ml. Samples were assayed at 100 l in duplicate.
Testicular Androgens
Testicular testosterone, DHT, and Adiol were separated by solvent extraction and high-performance liquid chromatography and then quantified by specific RIAs as described previously [20] . Average detection limits were 40, 42, and 120 pg/ml and between-assay variations of 12%, 22%, and 6% for testosterone, DHT, and Adiol, respectively.
Statistics
Data are shown as the mean Ϯ SEM. Statistical comparisons were performed using SigmaStat 2.03 (SPSS Science, Chicago, IL). All data were log 10 transformed before statistical analysis. Data from the 5␣R isoenzymes study were analyzed by one-way ANOVA. When a P value of less than 0.05 was achieved, differences compared to prepubertal (10-d.o.) or adult (120-d.o.) rats were assessed by Dunnett post-hoc comparison, whereas differences between all groups were assessed by Student-Newman-Keuls post-hoc comparison. Data satisfied the requirements for parametric testing in all cases except for the analysis of 5␣R1 enzyme activity levels, in which case nonparametric one-way ANOVA on ranks was used. Differences between vehicle and L685,273 groups were determined by unpaired Sudent t-test. (Fig. 1B) . A broad peak of circulating FSH was observed between Days 20 and 60 before the levels declined at later ages.
RESULTS

Analysis of 5␣R Isoforms
Testicular androgens. Testicular testosterone levels were 21 ng/g in 10-d.o. (prepubertal) rats (Fig. 2A) . Values remained around this level between Days 20 and 40 until a marked increase at Day 60, when adult levels were achieved.
Testicular DHT (Fig. 2B) and Adiol (Fig. 2C ) showed an inverse relationship to testicular testosterone, in that both 5␣-reduced steroids were very low in the 10-d.o. testis, rising significantly by 20 d.o. A broad peak was observed in 5␣-reduced androgen levels between Days 20 and 60 before the concentrations declined to reach the low levels seen at Days 80-160.
5␣R isoenzyme expression and activity levels. Very low but detectable levels of 5␣R1 mRNA and activity were found in the 10-d.o. rat testis (Fig. 3, A and B) . A significant rise in 5␣R1 mRNA expression by 20 d.o. (Fig. 3A) was coincident with a marked increase in 5␣R1 activity levels at this time (Fig. 3B) (Fig. 3A) . A rapid decrease in 5␣R1 mRNA expression occurred between Days 30 and 35, such that the low adult levels of expression were seen in the testis from 35 d.o. onward. The peak of 5␣R1 mRNA (Fig. 3A) was coincident with a peak in 5␣R1 enzyme activity levels (Fig. 3B ) between 20 and 35 d.o., followed by a marked decline to reach adult levels. Note that the drop in 5␣R1 mRNA expression between 30 and 35 d.o. (Fig. 3A) appeared to result in a drop in 5␣R1 activity levels between 35 and 40 d.o. (Fig. 3B) .
Like 5␣R1, 5␣R2 mRNA expression (Fig. 3C ) and activity levels (Fig. 3D) were very low in the 10-d.o. (prepubertal) testis. A significant rise in 5␣R2 activity levels (Fig. 3D ) was seen after 20 and 25 d.o.; however, this was not accompanied by a significant rise in 5␣R2 mRNA (Fig.  3C) , which rose 2-fold from 10 to 20 d.o. The 5␣R2 mRNA was significantly higher than the prepubertal (10 d.o.) testis from 35 d.o. onward. The 5␣R2 enzyme activity levels peaked between Days 20 and 40 and then declined to reach the very low levels seen in the adult (Fig. 3D) .
The production of 5␣-reduced metabolites (i.e., the ratio of the 5␣-reduced metabolites to the substrate testosterone) as an estimation of testicular 5␣-reductase activity levels was compared to the activity of each 5␣R isoenzyme ( 3E). Like 5␣R isoenzyme activity levels, the production of 5␣-reduced metabolites from testosterone was highest between Days 20 and 40, being significantly greater than the levels in the 10-d.o. (prepubertal) and 120-d.o. (adult) testis.
Comparison of 5␣R Isoenzyme Activity Levels with Testicular Androgens. To relate the changes in the concentration of testicular 5␣R1 and 5␣R2 enzyme activity levels with the levels of testosterone and DHT in the testis, the data were expressed as a percentage of that found in the prepubertal (10-d.o.) testis (Fig. 4) , in which the levels of 5␣R isoenzymes and testicular androgens were lowest. Between Days 10 and 20, parallel increases occurred in the testicular concentration of DHT as well as the 5␣R1 and 5␣R2 activity levels. The pubertal peak in 5␣R1 and 5␣R2 activity levels between Days 20 and 40 was coincident with a peak in DHT. At this time, testicular testosterone levels were very low. The decline in testicular levels of DHT after 40 d.o. more closely followed 5␣R1 than 5␣R2 activity. After 40 d.o., testicular testosterone levels markedly increased.
The timing of the initiation of the first spermatogenic cycle (or first wave of spermatogenesis) was compared to isoenzyme activity and androgen levels (Fig. 4) . Entry into meiosis occurs after Day 15 in the rat [25] , and one cycle is completed at approximately Day 44 [26] . Thus, the timing of the first wave of spermatogenesis coincided with the peak in testicular DHT and 5␣R isoenzyme activity levels yet with low levels of testicular testosterone.
Effects of L685,273 During the Initiation of Spermatogenesis
Organ weights. Acute (6-day) administration of L685,273 to rats at 20, 30, and 40 d.o. did not change testis weights but did cause significant decreases in ventral prostate weights (Table 1) .
Serum Gonadotropins and Testicular Androgens. Administration of L685,273 did not significantly alter serum LH or FSH concentrations at any age (Table 2 ). However, testicular testosterone levels were significantly elevated in L685,273-treated rats at all ages, being 5-to 9-fold higher than in the corresponding vehicle-treated rats (Table 2) . Testicular 5␣-reduced androgens (DHT and Adiol) were suppressed by L685,273 only in the 36-d.o. age group (Table 2) but were unchanged at the other ages. Although the absolute levels of 5␣-reduced androgens were reduced by L685,273 only in the 36-d.o. group, the production of 5␣-reduced metabolites from testosterone (i.e., the ratio of DHT ϩ Adiol to testosterone) was significantly reduced to 14%-25% of that of vehicle-treated rats in all age groups (Table 2) .
Spermatogenesis. The impact of L685,273 on spermatogenesis was assessed in 36-d.o. rats that had received either vehicle or L685,273 in the preceding 6 days. No significant changes were seen in any germ cell type assessed, from early pachytene spermatocytes in stages I-III through to elongating spermatids in stage XIV, which were the most mature germ cell type at this age (data not shown).
DISCUSSION
It has been known for many years that whereas testosterone is the predominant androgen in the adult testis, the 5␣-reduced androgens DHT and Adiol predominate during puberty and that testosterone concentrations are comparatively low at this time [3] . These findings are supported in the present study. It is also established that immature testes have higher levels of 5␣R enzyme activity than mature testes [2, 4, 14] . However, the contribution of the 5␣R1 and 5␣R2 isoenzymes to pubertal androgen metabolism has been unclear, because many of the studies concerning testicular 5␣R were performed before the identification of 5␣R2. Since the discovery of the two 5␣R isoenzymes, the literature has contained a discrepancy as to which isoenzyme predominates in the testis, with some studies suggesting a predominance of 5␣R2 [2, 4, 14] and others suggesting that 5␣R1 is the major isoenzyme present [16, 21] . The present study used more sensitive methods to assess and quantify specific isoenzyme mRNA expression and enzyme activity levels to clarify some of the discrepancies in FIG. 3. Testicular 5␣R1 (A and B) and 5␣R2 (C and D) isoform mRNA expression and activity levels compared to the production of 5␣-reduced metabolites (E) in the rat testis during development. The mRNA levels determined by real-time PCR are expressed as picograms per gram testis (A and C), and activity levels determined by 5␣-reductase isoenzyme assay are expressed as nanograms per minute per gram testis (B and D) . The production of 5␣-reduced metabolites (E) was assessed by the sum of the concentration (ng/g testis) of DHT ϩ Adiol divided by the concentration of substrate (testosterone [T] ). Data are shown as the mean Ϯ SEM (n ϭ 4-6 per group). *Significant difference (P Ͻ 0.05) compared to 10- the literature and to investigate the developmental regulation of 5␣R1 and 5␣R2. The present study 1) demonstrates that both 5␣R1 and 5␣R2 mRNAs and activity are present in the postnatal testis, with 5␣R1 activity levels being higher than 5␣R2; 2) describes the relationship between mRNA and activity levels of each isoenzyme during postnatal development; 3) compares the expression of each isoenzyme with testicular androgen and circulating gonadotropin levels during postnatal development; and 4) acutely administers a competitive 5␣R inhibitor at key stages of postnatal development.
The pubertal peak in the testicular production of 5␣-reduced androgens between Days 20 and 40 coincided with increased transcription of both 5␣R1 and 5␣R2 genes and subsequent increases in activity levels of both isoenzymes. Although 5␣R2 activity levels were approximately 10-fold lower than 5␣R1 between Days 20 and 40 as measured by specific isoenzyme assay, 5␣R2 likely is at least equally important for the pubertal rise in 5␣-reduced metabolites. This is because the pubertal testis contains testosterone concentrations in the nanomolar range (30-120 nM in the present study), which is in the range of the K m (75 nM) for 5␣R2 [10] . Interestingly, our kinetic analysis of 5␣R isoenzymes in the 30-d.o. rat testis suggested that although 5␣R1 activity levels were 13-fold those of 5␣R2, the V max : K m ratio (an indication of the potential in vivo isoenzyme activity) of the two isoenzymes suggested that both would contribute equally to the 5␣-reduction of testosterone in the pubertal testis [21] . Although we believe 5␣R1 and 5␣R2 likely are of equal importance between 20 and 40 d.o., after this time 5␣R1 likely is the predominant isoenzyme involved in testicular testosterone metabolism, because testosterone levels increase to micromolar concentrations at approximately Day 60 (1.2 M in the present study), which is comparable to the K m value (1.02 M) for 5␣R1 [10] . Thus, we conclude that the peak of 5␣-reduced metabolites between Days 20 and 40 in the rat testis is caused by increases in the expression of both 5␣R1 and 5␣R2 isoen- /day Ϫ1 of a 5␣R-inhibitor, L685,273. d Organ weights as a percentage of body weight; data are expressed as the mean Ϯ SEM (n ϭ 8 per group). e Significant difference (P Ͻ 0.05) compared to vehicle-treated animals in the same age group.
zymes whereas the 5␣R1 isoenzyme likely is more important for 5␣-reduced androgen biosynthesis in the postpubertal testis.
In general, the pubertal increase and postpubertal decrease in 5␣R isoenzyme activity levels were consistent with changes in 5␣R isoenzyme mRNA levels. Two notable discrepancies were observed, however. First, the pubertal increase in 5␣R2 activity levels at 20 and 25 days was accompanied by a nonsignificant, 2-fold increase in mRNA. Whereas a doubling of mRNA transcripts may be enough to promote significant increases in the activity levels of the 5␣R2 isoenzyme, it was interesting that we observed a marked increase in mRNA levels after Day 25 yet no further increases in activity levels. This could perhaps be explained by the appearance of cell types in the testis that express 5␣R2 mRNA (e.g., spermatocytes, spermatids, or pubertal Leydig cells). It should be noted that whereas evidence exists for 5␣R activity in Leydig cells [16, [27] [28] [29] and seminiferous tubules [2, 14, 30] , including Sertoli cells and germ cells [15, 31, 32] , the localization of 5␣R2 in the rat testis is unknown. A second unexpected finding was that both 5␣R1 and 5␣R2 activity declined to very low levels in the adult, which were comparable to the low levels seen in the prepubertal testis, yet the levels of 5␣R1 and 5␣R2 mRNAs remained high in adult rats when compared to the prepubertal testis. This observation suggests maintenance of 5␣R1 and 5␣R2 gene transcription yet low levels of protein production/activity. This contention is supported by various observations in the literature. For example, Viger and Robaire [16] showed that 5␣R1 mRNA expression as analyzed by Northern blotting was detectable in the adult testis yet 5␣R1 protein as assessed by immunohistochemistry was undetectable in adult testes compared to immature rat testes. Those authors noted that a change in mRNA transcript size from 2.5 to 2.7 kilobases (kb) accompanied the decrease in protein expression, leading them to conclude that the 2.7-kb transcript may not be translated. Because the sequence of the 2.7-kb transcript is unknown, it is not clear which transcript (or transcripts) will be detected by the PCR methods used to measure 5␣R1 in the current study. Other studies comparing 5␣R mRNA and protein noted discrepancies in expression patterns as well as tissuespecific differences in 5␣R mRNA transcript sizes (for review, see [8] ), suggesting that 5␣R isoenzyme activity may be controlled by translational repression and/or posttranslational modification of the enzyme. In the present study, we noted that the postpubertal decline in both 5␣R1 and 5␣R2 mRNAs was followed approximately 5 days later by a decline in activity levels. However, this observation likely is explained by the exceptionally long half-lives (Ͼ30 h) of the 5␣R1 and 5␣R2 proteins [9] .
The pubertal onset of 5␣R isoenzyme gene transcription and protein expression coincided with the onset of the pubertal peak in FSH levels, perhaps suggesting a role for this gonadotropin in stimulating 5␣R. This contention is consistent with our previous observations in which we showed that FSH can stimulate 5␣R1 and 5␣R2 activity levels in adult rats in which gonadotropins have been manipulated [33] and with earlier studies that showed administration of FSH to hypophysectomized rats stimulated testicular 5␣R activity [34] . We and others have also reported that 5␣R1 may be negatively regulated by testosterone [11, 33] , which may partially explain the peak in 5␣R1 isoenzyme mRNA and activity levels at a time when testicular testosterone levels are lowest.
The first wave of meiotic and postmeiotic germ cell development in the rat occurs after Sertoli cell division has ceased after Day 15, and one cycle is complete by approximately Day 44, with the release of the first mature spermatids from the testis [25, 26] . The present study shows that increases in the transcription of both 5␣R isoenzyme genes, with subsequent increases in isoenzyme activity levels and a predominance of 5␣-reduced androgens in the testis, coincide with initiation of the first spermatogenic cycle. Because spermatogenesis can be initiated by administration of either testosterone or DHT [1] , it is reasonable to speculate that the increase in the potent androgen DHT, in the presence of low testosterone levels, may be required for the onset of spermatogenesis. A previous study [35] chronically administered the 5␣R-inhibitor finasteride to rats from birth to 4-7 wk of age and showed that whereas DHT levels were modestly decreased, testicular testosterone levels were markedly elevated, presumably because of the effects on pituitary gonadotrophins [35] , and that no effects on spermatogenesis were seen. We thus chose to utilize an acute model of 5␣R-inhibitor administration to limit effects on the pituitary and to prevent rises in LH. Although changes in LH or FSH were not seen using this acute administration model, testicular testosterone was significantly elevated. The reasons for this elevation of testosterone levels are unclear but could include 1) possible effects on LH pulsatility [36] , which may influence testosterone production; 2) effects on the Leydig cells to perhaps change their maturational status and/or ability to produce testosterone [37] ; and/or 3) an accumulation of substrate when high 5␣R activity is suppressed. Although L685,273 was clearly effective in suppressing the conversion of testosterone to 5␣-reduced metabolites, the marked increase in substrate concentration meant that reductions in the absolute levels of 5␣-reduced metabolites were not seen. Thus, the net effect was to essentially elevate the total amount of androgens within the testis; hence, it is not surprising that no effects on testis weight or spermatogenesis were seen. Recently, a double 5␣R1 and 5␣R2 knockout mouse model was used to test the involvement of these isoenzymes in male gonadal pre-and postnatal development [5] . Similar to finasteride and L685,273 treatment, this transgenic mouse study also showed that in the absence of 5␣R, testosterone levels were elevated, which were apparently responsible for the maintenance of male virilization and the onset of fertility [5] . Taking together the results from the present study, previous 5␣R-inhibitor studies [35] , and the transgenic mice experiments [5] , it is reasonable to conclude that the pubertal peak of DHT normally serves to amplify androgen action on spermatogenesis in the face of low testicular testosterone, but if testosterone levels are elevated, as is the case in the absence of 5␣R, then testosterone can overcome its weaker androgenic potency and act directly to initiate spermatogenesis.
In summary, the present study has shown that the increased production of 5␣-reduced metabolites in the pubertal testis is caused by an increase in mRNA and activity levels of both 5␣R1 and 5␣R2 isoenzymes in the testis. The data support the contention that both 5␣R isoenzymes would contribute to the high levels of DHT and Adiol in the pubertal testis but that the 5␣R1 isoenzyme may be relatively more important in the postpubertal testis when testosterone levels are higher. The peak of 5␣R isoenzyme expression and activity levels, as well as the peak in the levels of 5␣-reduced metabolites, coincided with the timing of the first wave of spermatogenesis. When the role of the pubertal peak of DHT in the onset of spermatogenesis was evaluated using the 5␣R-inhibitor L685,273, then, like chronic 5␣R-inhibitor administration and genetic ablation of 5␣R isoenzymes, compensatory increases in testosterone were seen. Therefore, 5␣R-inhibitor administration to immature rats cannot be used to investigate whether DHT formation, in the presence of the normally low pubertal testosterone concentrations, is required for the androgen-dependent initiation of spermatogenesis. Nevertheless, acute administration of L685,273 to pubertal rats caused a 75%-86% decrease in the production of 5␣-reduced androgens from testosterone, highlighting the importance of 5␣R isoenzymes in pubertal 5␣-reduced androgen biosynthesis. We conclude that increased transcription of both the 5␣R1 and 5␣R2 isoenzymes is responsible for the peak in 5␣-reduced metabolites in immature rats, and we suggest that the role of DHT during puberty is to amplify the normally low levels of testosterone in the testis at this time.
